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Major Drivers of the Current Work

• T(),()L':, F()R \F.R¢3SP \C-'_( I _t.%lt IX

Decrease design cycle time _ Rapid turn-around

Increase design/process fidelity _ High accuracy and low variation

Increase discipline integration _ Increased range of options via IT

Turbo-pump component analysis -----> Entire turbo pump simulation

• HPCC CAS Level I milest_ne "

To demonstrate a 1000 times speed up in June 2001 over what was

possible in FY92,

Objectives

• 1,_ ,2nh_tn,:e inc_mj"r.',,t, iblc 11_,_,,:_imuI_tli_)n g;q_:lhll!r.]. I_,r
dc_eloping .ter,),,p;ic.: '.ehic!c c,_nlp,:ncnts...src..,.:_il,.. _an-lcad 3

11_,,,,phcnt_meml 4s._o,ci;ltcd ;,, iih hi2h ,,pccd lurho l_t:mi_

_,As_iSi i I
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Computational Model

RSTS BOOST PUMP

"7'......

_ .MBw B_ K_h_r 2

1- Inducer (R)

2- Stator I (S)
3- Inducer Kicker (R)

4- Annulus (S)

5- Kicker (R)

6- Hydrolic Turbine (R)

7- Stator 2 (S)

REUSABLE LAUNCH VEHICLE (RLV) TURBOPUMP INIXJCER

J,l_t I_ow :g0_ 61_

Ro : 7._q1..7

CO\IP[T kTIONAL Ctt._,LI.ENI;ES :
- Cost due to time-accurate incompressible flows

• Moving grid system
- Code parallelization

Boost Pump Computational Model
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SSME Impeller

Pressure
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INS3D Parallelization

Pressure

i -i,lU

.,l.Ill
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INS3D-MPI - coarse grain
First release

T. Faulkner & J. Dacles
MPI coarse grain + OpenMP
Debugging stage

H. Jin & C. Kiris
MLP (Implementation is currently underway)

1N$3I_MV

15C6

Ne ofCPLr't
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Shuttle Upgrade SSME-rigl

(code validation)

Inlet Gukk Vine (IGV)

• 15 B ladt_

•Pitch, p = 24 degrees

•Blade Inlet Angle (mere), _v,t = 90 degrees
•Blade Exit Angle (mean), _Gva = 45 deg,_-5

Clearm3_ between IGV and Impeller, • = 0.12 inches

l_aer
•6+6* 12 Umhrouded D_gn
•Pitch, p = 60 degl_'q_

•Blade Inlet Angle (mean), JSt._.t = 23 degrees
•Blade Exit Angle (mean), _,,a = 65 degreu
•C]earlmce between Made LE and Shroud, r = G.0_$6 Jnghes
•Clearutce between Made TIEand Shroud, x = 0.0912

Clearance between hnpeUer and DIgguser, r = 0.050 Inches

Dlfl_er
•23 Blades

•Pflch, p = 15.652 degrees

•Blade Inlet Angle (mean), 13._ = 12 degrees
•Blade Exit Angle (mean), [3dl_ = 43 degrees

clearance blade /_

hub
grid

Shuttle Upgrade SSME-rig 1

LJn_hrouded Impeller Grid :

6 long blades / 6 medium blades/12 short blades
60 Zones / 19 Million Grid Points

Smallest zone : 74,025/Largest zone : 899,248

Overset connectivity is obtained by using DCF module OVERFLOW-D
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INS3D Parallelization

MPI coarse grain + OpenMP fine grain

TEST('_.SE :2ZonesVortex

"vortex2" two zonal

13x51x51 (33813)

_1x51 (234o9)
\ 2 MPl proceuorl

\

J .L 1 • I I I .1_ _ J-
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Number of Threads

kmm, O2K ,_
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INS3D Parallelization

MPI coarse grain + OpenMP fine grain

TEST('ASE :SSXlE Impeller

I * * * i I f

2 $ 4 1478

Humber 01 Threads

120,

T

-,e-- t2 MI_ Cnmups
24 MFI Gm,_s

•

4
OIo s'o t6o t_

N_ ofPmcetso¢

No. of processors = No. of MPI ° No. of threads
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Time-Accurate Formulation

• Time-integration scheme

Artificial Compressibility Formulation

• Introduce a pseudo-time level and artificial compressibility

• Iterate the equations in pseudo-time for each time step until

incompressibility condition is satisfied.

Pressure Projection Method

• Solve auxiliary velocity field first, then enforce

incompressibility condition by solving a Poisson equation

for pressure.

Pressure Projection Method

• E_ aluate timc-,tccurate feature,; of tv, o primiti_ e _ariable melhods

designed tier 3-D applications

• Solve for the auxilary velocity field, using implicit predictor step

l(u;-u;')=-Vp"+h(u;)
At

• The velocity field at time level (n+t) is obtained by using a correction step,

At

• The incompressibility condition is enforced by using a Poisson equation for
pressure (//= p"*' - p" )

V,p.=2V .
At
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Pressure Projection Method(INS3D-FS)

@i-he di,,crcti <alisonor-the mu_,sctm,_,:r;;t_ion ,.:qu;t[i,_rzill t]nitc ',olumc
-. t .- ._ rr'lltl_lJl_;l'l -,

:ja),-,,'=0
• New dependent variables,

U_=S¢.U

U'=S"al

U:=S:.U

• Computing time :
80 i_-secs/grid point/iteration

• Memory usage:
70 times number of grid points
in words

.112 ,L°_,'Z._1/2

I-_/2,_,1 t'2. I-1/2

JN
Artificial Compressibility Method (INS3D-UP)

Fi me-kccura[c F__rmuhtti,m

• Discretize the time term in momentum equations using second-order three-
point backward-difference formula

_.+]

_U + _V +OW / 3q "+'-4q" +q"-'

-_ _-q -'_-/ =0 2At =-r"+'

• Introduce a pseudo-time level and artificial compressibility,
• Iterate the equations in pseudo-time for each time step until incompressibility
condition is satisfied.

1 (p.+,....,-p..,..)=-flVq.+,....,
Ar
l_t _ n + l,m _ tl _1. n- I

[q"+"'*'-q"""_-r "+'"*'-'_q _t q

• Computing time : 50-120 la-secs/gdd point/iteration
• Memory usage: Line-relaxation 45 times number of grid point in words

GMRES-ILU(0) 220 times number of grid point in words
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Impulsively Started Flat Plate at 90'

Thickn¢_,s or" plate = 03H

111 xm =1

T=I.2

T=2.O

• VELC_C[TY MAGNITUDE

T=0.4
T=4.0

Impulsively Started Flat Plate at 90"

0

N ---- :-.--':" f "'"

....li.":=+

o i _ g
Time

Page 9



Impulsively Started Flat Plate at 90 °

Pressure ProjectionMethod (I'NS3D-FS)

II
• ..,

..,.--'

i

0 2 4

Time

Impulsively Started Flat Plate at 90 °

• gt,irting pr_'edure

Impulsive start (a)

(b)

l u- u (1-oo_,eT_
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Impulsively Started Flat Plate at 90'

Artificial compressibility (1NS3D-UP) : Line Relaxation

2

0
0

Time (sec)

Impulsively Started Flat Plate at 90 °

Artificialcompressibility flNS3D-UP) : GMRES

,-.1

3-

2-

1-

'i."" --:-:--- -= ,'• _A=IO _ START

Time(see)
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Impulsively Started Flat Plate at 90 °

O\LI.'J('IT'_ \E('ql)R _. 1=f_.33

Flow is at rest and

U=I imposed at inflow at T=0.0

-÷

INS3D-UP line-relaxation

10 subiteration at each time-step

--- -IN-_D_LrP-/GMRE3-F1]SU -:........

10 subiteration at each dine-step

2 su-biter;a-fi6n-_fi_i_:htime-step

Impulsively Started Flat Plate at 90 °

• TITIle Hl_lor_, (_f Stacnalior_ Poinl

Artificial compressibility _eorporatcd with Polsson solver

2'

• II f

m// f "i.NSlD-UP I DT=D.D_25

• • " ,/ • _P. rl'ar_lt, 1_1)

• /, , /x -- L,I.N_-RE, LA,XA'FI.ON, NSU'B=ID

•_.." /" .... GMRt_S-ILU[0), NS U'B= 1D

--- L-RE, L, POI.._$ON SOL NSUB=2

' 6 _4
Time

Page 12



Summary

• An _fficienI ,,olution proce.durc fi_r timc-accurzttc solution,, ot

Incompressible Navier-Stokes eqm_tion is obtained.

- Artificial compressibility method requires a fast convergence scheme..
- Pressure projection method is efficient when small time-step is required.
- The number of sub-iteration is reduced significantly when Poisson solver

employed with the continuity equation.
- Both computing time and memory usage are reduced (at least 3 times).
- DCF module in OVERFLOW-D is incorporated with INS3D.
- MPI/Open MP hybrid parallel code has been completed and benchmarked.

• Work currently underway

- Multi Level Parallelism (MLP) of INS3D.
- Overset connec_vity for the validation case (SSME-rigl)
- Experimental measurements at NASA-MSFC.
- Computational model for boost pump

is
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